ORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 



PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 7 : 
HOIM 



A2 



(11) International Publication Number: WO 00/45448 

(43) International Publication Date: 3 August 2000 (03.08.00) 



(21) International Application Number: PCT/US00/0I810 

(22) International Filing Date: 24 January 2000 (24.01.00) 



(30) Priority Data: 
60/116,747 



22 January 1999 (22.01.99) 



US 



(63) Related by Continuation (CON) or Continuation-in-part 
(CIP) to Earlier Application 

US 60/1 16,747 (CIP) 

Filed on 22 January 1999 (22.01.99) 



(71) Applicant (for all designated States except US): CALIFORNIA 

INSTITUTE OF TECHNOLOGY [US/US]; 1200 East Cal- 
ifornia Boulevard, Pasadena, CA 9 11 25 (US). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): NARAYANAN, S., R. 

[-/US]; - (US). ATTI, Tony f-/US]; - (US). PRAKASH, 
Surya [-/US]; - (US). OLAH, George [-/US]; - (US). 
SMART, Marshall, C. (-/US]; - (US). 

(74) Agent: HARRIS, Scott, C; Fish & Richardson P.C., Suite 
1400, 4225 Executive Square, La Jolla, CA 92037 (US). 



(81) Designated States: AE, AL, AM, AT, AU, AZ, BA, BB, BG, 
BR, BY, CA, CH, CN, CR, CU, CZ, DE, DK, DM, EE, 
ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, 
KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, 
MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU, 
SD, SE, SG, SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG, 
US, UZ, VN, YU, ZA, ZW, ARIPO patent (GH, GM, KE, 
LS, MW, SD, SL, SZ, TZ, UG. ZW), Eurasian patent (AM, 
AZ, BY, KG, KZ, MD. RU, TJ, TM), European patent (AT, 
BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, 
MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM, 
GA, GN, GW, ML, MR, NE, SN, TD, TG). 

Published 

Without international search report and to be republished 
upon receipt of that report. 



(54) Title: IMPROVED MEMBRANE ELECTRODE ASSEMBLY FOR A FUEL CELL 
(57) Abstract 



A catalyst ink for a fuel cell including a catalytic material and poly(vinylidene fluoride). The ink may be applied to a substrate to 
form an electrode, or bonded with other electrode layers to form a membrane electrode assembly (MEA). 




FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCI\ 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


Fl 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 


Greece 




Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


ZVY 


Zimbabwe 


CI 


Cdte d*Ivoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


FT 


Portugal 






cu 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Singapore 







SDOCID: <WO 0045448A2 I > 



WO 00/45448 PCT/US00/018I0 



IMPROVED MEMBRANE ELECTRODE ASSEMBLY 

FOR A FUEL CELL 



This application claims the benefit of provisional application U.S. Serial No. 
5 60/116,747, filed January 22, 1999. 

FIELD OF THE INVENTION 

This invention relates to membrane electrode assemblies for direct feed methanol fuel 
cells. In particular, this invention relates to catalytic ink formulations for membrane 
electrode assemblies. 

10 BACKGROUND 

Many advanced direct methanol fuel cell systems use as the electrolyte a proton- 
exchange membrane made of perfluorocarbon material available from E.I. duPont, 
Wilmington, DE, USA, under the trade designation NAFION 117. However, when NAFION 
based membranes are used in direct methanol fuel cell applications, the methanol diffusion 
through the membranes is too high, which allows some fuel to cross over to the cathode side 
of the cell. Methanol crossover to the cathode results in fuel loss, lower overall efficiency 
and lower cell performance. Thus, a large amount of research has focused upon methods to 
decrease the methanol crossover rates in direct methanol fuel cells. 

In addition to problems of methanol crossover, large water permeability is observed 
with NAFION based systems, which causes water management problems in fuel cell stacks. 
To address these issues, an alternative polymer electrolyte membrane has been proposed that 
is made of a composite of polystyrene sulfonic acid and poly(vinylidene difluoride). Initial 
studies of PSSA-PVDF membranes have shown lower methanol permeability than NAFION 
117 membranes and comparable proton conductivity. 

Conventional PSSA-PVDF membrane MEAs have been prepared using the same 
processes used to prepare NAFION membrane MEAs. Catalyst electrodes are prepared by 
making a catalyst ink including a catalyst material, typically either Pt or Pt/Ru, and an 
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alcohol solution of a perfluorosulfonic acid ionomer available from E.L duPont de Nemours, 
Wilmington, DE, USA under the trade designation Naflon-H. The catalyst ink was either 
applied to a substrate such as porous carbon paper or, alternatively, directly deposited upon 
the membrane surface. This sandwich structure was then placed in a hot press for bonding 
with catalyzed TEFLON impregnated porous carbon electrodes to form a single MEA 
component. . While this method worked well for MEAs with NAFION membranes, MEA 
samples made with the PSSA-PVDF membranes made by this process displayed 
substantially lower electrical performance in experimental fuel cells and were generally 
characterized by high cell resistance and low catalyst utilization values. 

Therefore, the electrical performance of MEAs with PSSA-PVDF membranes 
requires further improvement for implementation in power sources. 

SUMMARY 

In one aspect, the invention is a catalyst ink for a fuel cell including a catalytic 
material and poly(vinylidene fluoride). 

In another aspect, the invention is a process for making a catalyst ink for a fuel cell, 
including mixing components including a catalytic material and poly(vinylidene fluoride). 

The catalyst ink may be applied to a surface of a substrate to form an electrode for a 
fuel cell assembly. The substrate may be a membrane or a backing. 

The electrode with the deposited ink layer may be bonded with a membrane or 
another electrode at a temperature greater than about 180 °C to form a membrane electrode 
assembly (MEA). 

The MEA with the deposited ink layer may be incorporated into a fuel cell stack. 

The catalytic ink of the invention improves the interfacial bonding characteristics of 
the deposited electrocatalytic layers with the proton conducting moieties of the membrane 
structure, which improves the electrical performance and reduces the impedance compared to 
MEAs made with conventional inks. The catalytic ink of the invention also reduce methanol 
crossover when used in a fuel cell stack. MEAs made with the catalytic inks of the inention 
demonstate good electrical performance, excellent crossover characteristics, and unique 
water management properties when evaluated at the cell level. 
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The details of one or more embodiments of the invention are set forth in the accompa- 
nying drawings and the description below. Other features, objects, and advantages of the 
invention will be apparent from the description and drawings, and from the claims. 

DESCRIPTION OF DRAWINGS 

FIG. 1 is schematic cross sectional view of a direct feed fuel cell. 

FIG. 2 is a plot of cell voltage vs. current density that compares the performance of a 
conventional membrane electrode assembly to that of a membrane electrode assembly of the 
invention. 

Like reference symbols in the various drawings indicate like elements. 

DETAILED DESCRIPTION 

FIG. 1 illustrates a liquid feed organic fuel cell having anode 110, cathode 120 and 
solid polymer proton-conducting cation-exchange electrolyte membrane 130, preferably 
made of a perfluorinated proton-exchange membrane material available from E.I. duPONT 
de Nemours, Wilmington, DE, USA, under the trade designation NAFION. NAFION is a 
co-polymer of tetrafluoroethylene and perfluorovinylether sulfonic acid. Other membrane 
materials can also be used. 

Anode 110, cathode 120 and solid polymer electrolyte membrane 130 are bonded to 
form a single multi-layer composite structure, referred to herein as membrane-electrode 
assembly "ME A" 140. 

A fuel pump 150 is provided for pumping an organic fuel and water solution into 
anode chamber 1 60. The organic fuel and water mixture is withdrawn through outlet port 
170 into a methanol tank 190 and recirculated. Carbon dioxide formed in anode chamber 
160 is vented through port 180 within the tank 190. An air compressor 1 100 is provided to 
feed oxygen or air into a cathode chamber 1 120. Carbon dioxide and water are removed 
through a port 1 140 in the cathode chamber 1 120. 

Prior to use, anode chamber 160 is filled with the organic fiiel and water mixture. 

Cathode chamber 1 120 is filled with air or oxygen either at ambient pressure or in a 

pressurized state. During operation, the organic fuel in anode chamber 160 is circulated past 

anode 1 10. Oxygen or air is pumped into cathode chamber 1 120 and circulated past cathode 

120. When electrical load 1 130 is connected between anode 110 and cathode 120, electro- 
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oxidation of the organic fuel occurs at anode 110 and electro-reduction of oxygen occurs at 
cathode 120. The occurrence of different reactions at anode 110 and cathode 120 give rise to 
a voltage difference between those two electrodes. 

Electrons generated by electro-oxidation at anode 110 are conducted through external 
load 1 130 and are captured at cathode 120. Hydrogen ions or protons generated at anode 1 10 
are transported directly across membrane electrolyte 130 to cathode 120. A flow of current is 
sustained by a flow of ions through the cell and electrons through external load 1 130. 

The cathode 1 20 is a gas diffusion electrode in which unsupported or supported 
platinum particles are bonded to one side of the membrane 130. In the process of the 
invention, a catalytic composition, referred to herein as a catalyst ink, is applied to at least 
one surface of the membrane 130 or to at least one surface of an electrode backing material. 

The cathode 120 and the anode 110 are gas diffusion electrodes in which 
electrocatalyst particles are bonded to at least one side of the membrane 130. To make the 
cathode 120 and the anode 1 10, an electrocatalytic composition, referred to herein as a 
catalyst ink, is applied to at least one surface of the membrane 130 or to at least one surface 
of an electrode backing material. 

For the cathode 120, the catalytic material may be in the form of fine metal powders 
(unsupported), or dispersed on high surface area carbon (supported), and is preferably 
unsupported platinum black, fuel cell grade, available from Johnson Matthey Inc., USA or 
supported platinum materials available from E-Tek Inc., USA. The loading of the alloy 
particles in the electrocatalyst layer is preferably in the range of about 0.5 mg/cm 2 to about 
4.0 mg/cm 2 . More efficient electro-oxidation is realized at higher loading levels. 

The electrocatalyst in the anode 1 10 is formed from supported or unsupported 
platinum-ruthenium particles. A bimetallic powder, having separate platinum particles and 
separate ruthenium particles gives better results than platinum-ruthenium alloy. In a 
preferred embodiment, the platinum and ruthenium compounds are uniformly mixed and 
randomly spaced throughout the material, i.e., the material is homogeneous. This 
homogeneous bimetallic powder is used as the anode catalyst material. The preferred ratio of 
platinum to ruthenium can be between 60/40 and 40/60. The desired performance level is 
believed to occur at 60% platinum, 40% ruthenium. Performance degrades slightly as the 
catalyst becomes 100% platinum. Performance degrades more sharply as the catalyst 
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becomes 100% ruthenium. For platinum-ruthenium, the loading of the alloy particles in the 
electrocatalyst layer is preferably in the range of about 0.5 mg/cm 2 to about 4.0 mg/cm 2 . 
More efficient electro-oxidation is realized at higher loading levels. 

The catalyst ink may also include an ionomer to improve ion conduction and provide 
improved fuel cell performance. Ionomer materials perflurosulfonic acid, e.g. NAFION, 
alone or in combination with TEFLON. A preferred form for the ionomer is a liquid 
copolymer of perfluorovinyl ether sulfonic acid and tetraflouoroethylene. To improve the 
performance of PSSA-PVDF membranes, PVDF is added to the catalyst ink, preferably in a 
powder form. 

While not wishing to be bound by any theory, it is believed that the formation of the 
proton conducting channels at the interface of the PSSA-PVDF membrane and deposited 
catalyst layer is governed by inter-miscibility of the various polymers. Conventional catalyst 
inks included only NAFION ionomer. However, NAFION and PVDF-PSSA do not have 
similar properties, and the entropy of mixing between these to polymers is not favorable. 
Therefore, to improve the miscibility between the polymers in the catalyst ink and the 
membrane, it is important add a compatible ionomeric material to the catalyst ink so that the 
deposited catalyst layer acquires properties similar to the membrane. PVDF having a low 
intrinsic permeability to methanol will result in low crossover through the anode structure 
into the membrane. 

In addition, since PSSA-PVDF membranes do not swell significantly in water, they 
do not have the desired plasticity when the membrane is bonded to the electrodes under hot 
pressing conditions. The use of a high boiling solvent in the catalyst ink, such as, for 
example, N,N-dimethylacetamide (DMA), provides a plasticizing effect. The use of N,N- 
dimethylacetamide (DMA) and other solvents also prevents membrane dry-out during the 
MEA fabrication process and thereby result in an MEA that is has a lesser tendency to de- 
laminate. 

The catalyst ink is preferably applied directly on at least one side of a substrate such 
as the membrane 130 or on an electrode backing material to form a catalyst-coated electrode. 
Suitable backing materials include, for example, carbon fiber papers manufactured by Toray 
Industries, Tokyo, Japan. These carbon papers are preferably "TEFLONized" to be about 5 
wt% in TEFLON. 
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The application process includes spraying or otherwise painting the catalyst ink onto 
the substrate, with both the ink and the substrate at or substantially near room temperature. 
No high temperature treatment step is required to activate the hydrophobic particles in the 
catalyst ink solution. After drying on the substrate, the loading of the catalyst particles onto 
5 the substrate is preferably in the range of about 0.5 mg/cm 2 to about 4.0 mg/cm 2 . 

The application of the catalyst ink on to the membrane is significantly improved if the 
membrane surface is roughened prior to application of catalyst ink. Surface roughening 
provides additional anchoring sites for the catalyst and the polymer. 

The membrane may be roughened by contacting the membrane surface with a 
10 commercial paper coated with fine abrasive. The abrasive should preferably have a grit size 
in the range of about 200 to about 400. 

The abrasive material should be selected such that particles of the abrasive 
impregnated in the membrane are tolerated by the fuel cell. Abrasives that are preferred are 
silicon nitride, boron nitride, silicon carbide, silica and boron carbide. Abrasive using iron 
15 oxide or aluminum oxide should be avoided as these materials result contaminate the 
membrane with metal ions leading to increased resistance and this is undesirable. 

Both sides of the membrane are roughened. The membrane is then held in a fixture 
and preferably allowed to 

The anode 1 10, the membrane 130, and the cathode 120 may be assembled into the 
20 membrane electrode assembly 140. Once bonded together, the anode 110, cathode 120 and 
membrane 130 form a single composite layered structure. Preferably, the electrode and the 
membranes are first laid or stacked on a CP-grade 5 Mil (0.013 cm), 12-inch (30.5 cm) by 
12-inch (30.5 cm) titanium foil to prevent acid from the membrane from leaching into the 
electrode. 

25 Improving the melt-flow characteristics of the polymer membrane during the hot 

pressing process enhances the interfacial bonding. TGA analysis indicates that PSS A-PVDF 
systems are relatively stable to about 220 °C. In addition, conductivity measurements of 
membrane samples before and after being subjected to high temperature (up to about 200 °C) 
suggest that loss of sulfonic acid groups (conducting moieties) does not occur under these 

30 conditions. Both of these aspects suggest that temperatures higher than about 1 80 °C should 
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be employed to improve the melt-flow characteristics of membrane sample, thus improving 
the interfacial bonding characteristics of the MEA. 

The invention will now be further described with reference to the following non- 
limiting example. 

EXAMPLE 

Prior to deposition of the catalyst ink, PSSA-PVDF membrane samples were dried 
and the surface scoured with 240 grade abrasive-coated paper to roughen the membrane 
surface for enhanced bonding characteristics. 

The membrane sample was then sandwiched between two TEFLON (PTFE) blocks 
with a 2 inch (5 cm) x 2 inch (5 cm) window exposed. The membrane sample is then dried 
with a hand held blower for approximately 30 minutes or until the membrane surface is taut 
and dry. 

Two different types of catalyst ink mixtures were prepared. The inks were applied to 
the membrane surface and to the surface of a TEFLONized backing paper available from 
Toray Industries, Tokyo, Japan. The backing paper was impregnated with about 5% by 
weight TEFLON. 

The catalyst ink mixtures in Table 1 were applied to the eventual anode and cathode 
sides of the membrane. Sonication was used to ensure adequate mixing of the components. 

TABLE 1 



ANODE 


CATHODE 


140mgPt/Ru 


180mgPt 


400 mg H 2 0 


400 mg H 2 0 


720 mg NAFION (5 wt%) 


720 mg NAFION (5 wt%) 


400 mg DMA 





The catalyst ink mixtures in Table 2 were applied to the carbon papers. Sonication 
was used to ensure adequate mixing of the components. 
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TABLE 2 



ANODE 


CATHODE 


140mgPt/Ru 


180mgPt 


400 mg H 2 0 


400 mg H 2 0 


720 mg NaFION (5 wt%) 


720 mg NAFION (5 wt%) 



The catalyst ink prepared for the membrane was applied to the membrane surface 
using a painting technique. A painting technique was also used to apply the catalyst ink onto 
5 the carbon paper. For the carbon paper, one coat was applied one day prior to the MEA 
fabrication and a second coat approximately one hour prior to fabrication. 

To fabricate the MEA, the catalytic coated membrane was positioned between the two 
painted gas diffusion electrodes on the surface of an 8 inch (20 cm) x 8 inch (20 cm) die. 
Once the membrane is positioned and fastened down, a fine coating of DMA/H 2 0 solution 
10 was painted on the membrane edges. A titanium plate was inserted on the top of the 

membrane and a copious amount (5-7 ml) of water was added to the die. The top plate was 
then inserted and the die was then placed into a hot press. 

Once the die was inserted into the press the die platen was closed with a force of 
2000-2500 lbs (909. 1 -1 1 36 kg) over a 36 cm 2 area electrode. The die was heated to a 
15 temperature of 180-185 °C for a period of 15 minutes and then cooled using an automated 

chiller. Following this procedure, the die was opened and the MEA removed and assembled 
into a cell for evaluation. 

The electrical performance of fuel cells employing membrane-electrode assemblies 
prepared by the process of the invention was measured and their performance compared with 
20 MEAs prepared by conventional processes. These results are shown in Figure 2 for 1 .0 M 

MeOH and 20 psig 0 2 . Curve I shows fuel cell performance using an MEAs prepared by the 
process of the invention, while curve II represents an otherwise identical fuel cell using an 
MEA prepared by a conventional process. 

The results demonstrate that the process of the invention leads to a higher fuel cell 
25 performance. Comparing curve I and curve II, the voltage at 150 mA/cm 2 is increased by 
about 0.1 V, and the improvement at higher current densities is more than 0.2 V. 

8 
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The conditions of testing, for the results shown in Figure 2, were similar except for 
the temperature. It is important to remember that increasingly higher temperatures leads to 
improved performance in methanol fuel cells. The results show that even at a test 
temperature of 60 °C (curve I), the MEAs prepared by the process of the invention exceed the 
5 performance at 83 °C (curve II) obtained with MEAs prepared by the conventional process. 
Thus these results confirm the value of the process of the invention. 

A number of embodiments of the invention have been described. Nevertheless, it will 
be understood that various modifications may be made without departing from the spirit and 
scope of the invention. Accordingly, other embodiments are within the scope of the 
10 following claims. 



9 



WO 00/45448 




PCT/US00/01810 



WHAT IS CLAIMED IS: 

1 . A catalyst ink for a fuel cell comprising a catalytic material and 
poly(vinylidene fluoride). 

2. The catalyst ink of claim 1, wherein the catalytic material comprises Pt. 

3. The catalyst ink of claim 1 , wherein the catalytic material comprises Pt and 

Ru. 

4. The catalyst ink of claim 1 , further comprising a second ionomer. 

5. The catalyst ink of claim 5, wherein the ionomer comprises a liquid 
copolymer of tetrafluoroethylene and perfluorovinylethersulfonic acid. 

6. A process for making a catalyst ink for a fuel cell, comprising mixing 
components comprising a catalytic material and poly(vinylidene fluoride). 

7. The process of claim 6, further comprising adding to the mixture a membrane 
plasticizer. 

8. The process of claim 7, wherein the plasticizer is a high boiling solvent. 

9. The process of claim 7, wherein the plasticizer is N,N dimethylacetamide. 

10. The process of claim 6, further comprising adding to the mixture a second 
ionomer comprising a liquid copolymer of tetrafluoroethylene and 
perfluorovinylethersulfonic acid. 



11. A process for making an electrode for a fuel cell, comprising: 
(a) providing a catalyst ink comprising a catalytic material and poly(vinylidene 
fluoride); and 
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4 (b) applying the catalyst ink to at least one side of a substrate. 
5 

1 12. The process of claim 1 1 , wherein the substrate is a membrane. 
2 

1 



1 

2 



1 



13. The process of claim 12, wherein the membrane is a PSSA-PVDF membrane. 

14. The process of claim 1 1 , wherein the ink farther comprises a plasticizer. 

15. The process of claim 1 4, wherein the plasticizer is N,N dimethylacetamide. 



1 6. The process of claim 1 2, further comprising roughening the surface of the 
2 membrane prior to applying the catalyst ink. 
3 



17. The process of claim 12, wherein the substrate is a backing. 

: process of claim 1 7, wherein the backing is a carbon paper. 



1 18. The 

2 

1 1 9. A process for making a membrane electrode assembly for a fiiel cell, 

2 comprising: 

3 (a) providing a catalyst ink comprising a catalytic material and poly(vinylidene 

4 fluoride); 

5 0>) applying the catalyst ink to at least one side of a membrane; and 

6 (c) bonding the membrane to at least one electrode. 

7 

1 20. The process of claim 1 9, wherein the membrane is bonded to the electrode at a 

2 temperature of greater than about 1 80 °C. 
3 

1 2 1 . The process of claim 1 9, wherein the catalyst ink further comprises a 

2 plasticizer. 

3 



22. The process of claim 2 1 , wherein the plasticizer is N,N dimethylacetamide. 
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2 

1 23. The process of claim 19, further comprising adding to the catalyst ink a 

2 second ionomer comprising a liquid copolymer of tetrafluoroethylene and 

3 perfluorovinylethersulfonic acid. 

4 

1 24. The process of claim 19, further comprising roughening the surface of the 

2 membrane prior to applying the catalyst ink. 
3 

1 25. The process of claim 19, wherein the electrode comprises a catalyst layer 

2 comprising a catalytic material selected from Pt and Pt/Ru and an ionomer. 
3 

1 26. A fuel cell comprising a membrane electrode assembly, wherein the 

2 membrane electrode assembly is made by the process of: 

3 (a) providing a catalyst ink comprising a catalytic material and poly(vinylidene 

4 fluoride); 

5 (b) applying the catalyst ink to at least one side of a membrane; and 

6 (c) bonding the membrane to at least one electrode. 

7 
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